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In this Letter, the optical amplification characteristics of the home-made Bi/P co-doped silica fiber were systematically
explored in the range of 1270–1360 nm. The maximum gain of 24.6 dB was obtained in the single-pass amplification device,
and then improved to 38.3 dB in the double-pass amplification device for −30 dBm signal power. In addition, we simulta-
neously investigated the laser performance of the fiber with the linear cavity. A slope efficiency of 16.4% at ∼1313 nm was
obtained with a maximum output power of about 133 mW under the input pump power of 869 mW at 1240 nm. As far as we
know, it is the first laser reported based on the bismuth-doped fiber in China.
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1. Introduction

For the past few years, bismuth-doped fibers have been one of
the most promising materials for developing amplifiers and
lasers outside conventional C+L band due to its ultra-wide
near-infrared emission range[1,2]. In 2005, Dvoyrin et al. suc-
cessfully developed the first bismuth-doped fiber by using the
modified chemical vapor deposition (MCVD) technique[3].
Soon afterward, they achieved a continuous wavelength (CW)
laser in the range of 1150–1300 nm[4]. Since then, more in-depth
research has been carried out on bismuth-doped fibers[5–11]. As
generally acknowledged, the co-doped elements and valence
states of bismuth ions are the key factors in determining the per-
formance of the fiber[12].
So far, the bismuth-doped fiber amplifiers (BDFAs) and

lasers (BDFLs) based on the bismuth-doped phosphosilicate
fibers operating in the 1300 nm band have been reported
abroad[2,13–21], which have crucial applications in biological
imaging, medical treatment, and optical fiber communica-
tions[22–25]. In 2019, Thipparapu et al. demonstrated an all-fiber
laser at 1340 nm by a 70 m bismuth-doped phosphosilicate
fiber, the efficiency of which was 14.5% with the output power
over 100 mW[2]. Further, a tunable BDFL operating in the

1320–1370 nm range was constructed by using a 200 m bis-
muth-doped phosphosilicate fiber. The output power over
100 mW with a slope efficiency of more than 25% was obtained
over the whole 50 nm tuning band under pumping of two
1270 nm laser diodes (LDs)[26]. In addition, the optical ampli-
fication characteristics of the single-pass BDFA were compared
with those of the double-pass configuration with a 150 m fiber.
The gain and noise figure (NF) of the signal-pass amplifier were
>20 dB and <5 dB, respectively, with the input signal power of
−23 dBm in the range of 1325 to 1360 nm, whereas the maxi-
mum gain of the double-pass amplifier was improved to
40 dB at 1360 nm for the input signal power of −30 dBm[27].
Recently, we have successfully fabricated a Bi/P co-doped silica
fiber (BPSF) with low loss and realized the optical amplification
in the range of 1355–1385 nm[28]. Then, the core absorption
coefficient of the fiber was improved by optimizing the prepa-
ration process, and a maximum gain of the BDFA was increased
to about 20 dB at 1355 nm[29]. However, the gap about the gain
coefficient of the bismuth-doped fiber between China and for-
eign countries is still wide, and there are currently no reports on
BDFLs at home.
In this paper, a BPSF with improved performance was fabri-

cated and used to build amplifiers operating in the O-band. A
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maximum gain of 24.6 dB was measured in the single-pass con-
figuration, whereas that was improved to 38.3 dB in the
double-pass setup for signal power of −30 dBm at 1330 nm.
The maximum gain was higher than that reported previously
by us. Additionally, we first demonstrated an all-fiber laser based
on the home-made BPSF; the maximum output power and the
slope efficiency were ∼133mW and ∼16.4% at 1313 nm,
respectively.

2. Experiment and Methods

The BPSF was prepared by the traditional MCVD technique
with the same fiber parameters as previously reported[29]. The
core absorption spectrum was evaluated by the conventional
cut-back method. The relation between the absorption coeffi-
cient and the pump power was measured with a short length
of BPSF at 1240 nm[30].
Figure 1 depicts the experimental device to compare the

amplification performance of the single- (solid, without circula-
tors) and double-pass (dashed) BDFA. The pump sources were
two 1240 nm LDs with the maximum output power of
∼500mW, protected by optical isolators (ISOs). The signal light
was provided by a tunable laser source (TLS) in the
range of 1260–1360 nm and the power was attenuated by the
attenuator (ATT). The pump and signal light were combined
and separated through wavelength division multiplexers
(WDMs). The double-pass configuration was constructed by
connecting port 2 and port 3 of circulator 2 (C2) to the couple

signal into the fiber again, and the amplified signal was recorded
in port 3 of circulator 1 (C1).
The experimental scheme of the BDFL is shown in Fig. 2. A

pair of fiber Bragg gratings (FBGs) was used to form the laser
cavity. The center wavelength and reflectivity of the high reflec-
tivity FBG (HR FBG) in the laser cavity were 1313.63 nm and
above 99%, respectively. Three FBGs with reflectivities of
10.4%, 30.8%, and 51% were used as the output coupler FBGs
(OC FBGs). The 3 dB bandwidths of the FBGs were
∼0.65 nm, 0.03 nm, 0.05 nm, and 0.06 nm, respectively. The out-
put spectrum and power of the laser weremeasured by an optical
spectrum analyzer (OSA) and a power meter.

3. Result and Discussion

Figure 3(a) illustrates the core absorption spectrum of the BPSF,
and the cross section of the fiber is shown in the inset. The
absorption coefficient was improved to ∼582 dB=km at
1240 nm. It was as low as 20 dB/km at a wavelength longer than
1500 nm. Figure 3(b) shows the relation between the loss and the
pump power at 1240 nm, and there was an unsaturable loss (UL)
for the high pump power, the percentage of which in the small
signal absorption was about 28.3%.
Figure 4 depicts the optical amplification characteristics of the

single-pass amplifier with a 200 m BPSF. A 3 dB bandwidth
reached about 45 nm. A gain of 24.6 dB was maximum, and
an NF was 4.8 dB at 1330 nm under the total pump power of
785 mW. Moreover, Fig. 4(b) shows the amplifier character

Fig. 1. Experimental setup of the single-pass (solid, without C1 and C2) and double-pass (dashed) BDFA.

Fig. 2. Experimental setup of the BDFL.
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under different pump powers as the input signal power was
−30 dBm at 1330 nm. When the pump power was improved
from 428 to 785 mW, an increase of gain was about 3 dB with
a coefficient of 0.051 dB/mW, and the NF decreased by 0.3 dB.
Moreover, the gain and NF as functions of the signal power at
1330 nm are shown in Fig. 4(c). When the signal power was
improved from −30 to 0 dBm with the fixed input pump one
of 785 mW, the gain decreased from 24.6 to 15.5 dB due to gain
saturation, and the NF increased to 6.2 dB.
The amplifier performance in the double-pass setup under the

same conditions was also evaluated, as shown in Fig. 5.
Compared with that in the single-pass setup, the maximum gain
increased to 38.3 dB with an improvement of 55%, and an NF
increased from 4.8 dB to 6.4 dB at 1330 nm. The gain of the
double-pass amplifier reached above 27 dB in the range of
1300–1360 nm.
The amplification characteristics of the double-pass amplifier

as functions of the pump or the signal power are shown in Fig. 6.
As the pump power increased, the gain and NF showed the same
trends as those in the single pass. Moreover, the gain coefficient,
with respect to the pump power, was improved to 0.062 dB/mW
by 1.22%. At the same time, the variations of the gain and the NF
under different signal powers are shown in Fig. 6(b). The gain
decreased to 17.9 dB due to gain saturation, and the NF
increased to 9.1 dB at the input signal power of 0 dBm.
The measured gain spectrum of the BPSF suggested the pos-

sibility of designing a fiber laser in the O-band [see Fig. 3(a)].
Due to the limitations of the FBG, the laser performance of
the fiber with a linear cavity scheme was evaluated only at

∼1313 nm. The slope efficiency of the laser as a function of
the fiber length for different reflectivity of the OC FBGs is illus-
trated in Fig. 7(a). Lowering the reflectivity of the OC FBG
resulted in an increment of the slope efficiency. A maximum
value of 16.4% was achieved for a fiber length of 96 m and a
reflectivity of 10.4%. The relation between the output power
and the pump power is shown in Fig. 7(b). The output spectrum
of the laser resolution bandwidth of 0.02 nm measured with an
OSA is shown in the inset. The maximum output power was
about 133 mW. The linewidth and the optical signal-to-noise
ratio (OSNR) of the output laser observed at 1313.6 nm were

Fig. 3. (a) Absorption spectrum (the inset shows the cross section) and
(b) unsaturable loss of the BPSF.

Fig. 4. The optical amplification characteristics of the single-pass fiber amplifier for a 200 m BPSF.

Fig. 5. The amplification characteristics of the 200 m BPSF in the single-pass
and double-pass amplifiers with the signal power of −30 dBm and the pump
one of 785 mW at 1240 nm.

Fig. 6. The variations of the gain and the NF under different (a) pump and
(b) signal powers in the double-pass amplification setup.
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∼0.028 nm and more than 50 dB, respectively. The laser behav-
iors of our BDFL were limited by a low concentration of efficient
Bi ions and high unsaturable optical loss in the fiber. In the
future, the fiber fabrication process will be further optimized
to decrease the unsaturable optical loss and improve the effi-
ciency of the BDFAs and the BDFLs.

4. Conclusion

In this paper, the optical amplification and laser characteristics
of a BPSF fabricated by the MCVD method were studied. We
systematically studied the amplification characteristics of the
single-pass and double-pass fiber amplifier in the O-band.
The highest gain of about 38 dB and an NF of 6.4 dB were
obtained in the double-pass amplification configuration at
1330 nm. Additionally, a BDFL with the output power of about
133 mW and a slope efficiency of 16.4% at ∼1313 nm was dem-
onstrated. To the best of our knowledge, this is the first time
achieving laser output by using a home-made BPSF. This work
lays the foundation for subsequent research on bismuth-doped
fiber amplifiers and lasers in China.
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